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ABSTRACT 
 
 
Geospatial Assessment of Debris Flow Hazards for Cedar Valley, Utah 
 
 
by 
Rick Harris 
 
In recent years, the population in the Mountain West has increased rapidly. This has 
spawned a large influx of residential and commercial development in regions that had 
been previously untouched. The change has been most noticeable in many parts of Utah 
County, Utah, which, in 2002, claimed one of the fastest growth rates in the Western 
United States. The increasing population and associated development created the need for 
many municipal planners and developers to reassess planning strategies and incorporate 
new technologies and methods to safely delineate areas for development. Increased focus 
has been placed on identifying areas that may be subject to possible natural hazard 
events. These new concerns focus primarily on landslide and flood events, since they 
have historically been an issue within the region and continue to play a role in 
development decisions.  
The inclusion of Geographic Information Systems (GIS) within planning and hazard 
assessment processes allows for the analysis capabilities to model and delineate areas that 
may fall within possible hazard zones. While this does not mean that hazard events will 
cease to exist, it does provide a new platform to better facilitate decision-making 
processes and reduce risk. The integration of GIS may then aid in planning the decisions 
to improve the safety of residents and property as continued development takes place. 
The integration of geospatial data is moving forward in many municipalities and rural 
county agencies throughout the country. The increasing availability and quality of data 
are allowing these agencies to better incorporate efficient and effective planning 
strategies.  
To better assist planners in development and public safety decisions, a geospatial debris 
flow (landslide) model was developed, which will help determine potential debris flow 
trigger areas. While this model will be applied to a specific study area in Eagle Mountain 
City and Cedar Valley, Utah, the general model may also be used in other regions to 
determine whether debris flow threats exist. Spatial data was utilized and integrated into a 
developed model in order to delineate areas that may pose possible threats of landslides. 
This report outlines the processes for model creation, the associated data requirements, 
and the output and identification of possible high hazard areas within the defined study 
area. 
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1. Project Introduction 
The Cedar Valley Debris Flow and Hazard Assessment project was developed to provide 
municipal planners of Eagle Mountain City, Utah with tools and data to delineate areas 
that may be prone to natural hazard events, such as debris flows and soil instability.   
The use of a Geographic Information System (GIS) within the project allowed for the 
integration of spatial and tabular data, which provided location-specific information of 
possible hazard trigger areas (or areas where the hazard was initialized). This derived 
data can help planners and developers to examine developing areas that may be prone to 
those hazards. This project utilized GIS, remotely sensed imagery, available data sets, 
and established non-spatial modeling methods. This was done in order to develop a 
model that could be used in conjunction with existing practices. The resulting model may 
then be applied to other similar regions where residential and commercial development is 
taking place. The main emphases within the project were two-fold: 1) the establishment 
of a functional debris flow model in a GIS, which would allow for spatial delineation of 
possible debris flow trigger areas and soil instability and 2) the analysis and delineation 
of potential debris flow hazards in Cedar Valley, Utah and Eagle Mountain City, Utah.   
1.1. Project Background 
The Wasatch front area of Utah County, Utah has, in recent years, been the site of 
numerous natural hazard events, such as landslide debris flows and flood events. These 
have caused extensive and costly damage to land and property throughout the area. 
Examples of these include the Santaquin/Spring Lake debris flows, in September 2002 
(see Figures 1 and 2), and the Dry Mountain debris flows, in July 2004. Numerous 
smaller events have also taken place in the region, such as the Farmington fire-related 
debris flows of April 2004. 
The reoccurrences of such events suggests that a spatial relationship exists between 
debris flow events and areas with certain physical and spatial traits. These characteristics 
make the probability of debris flow events higher in certain areas and less likely in others. 
The U.S. Geological Survey (USGS) examined the similarities of historic debris flow 
events in this region (see Figure 3) but have done little to specify which areas are more 
prone to future hazards based on contributing characteristics.
1
 While many of the 
residentially developed areas were approved with some possible flash flood hazard 
considerations, they neglected to take into account all the contributing factors that are 
associated with possible natural hazard debris flow and landslide events.  
The rapid residential development on mountain benches within the region and the push 
by developers and residents to move away from defined residentially zoned areas and city 
centers created the need to reinvestigate which areas may be prone to natural hazard 
dangers. The ability of municipal and county planners to spatially model those areas that 
may be more prone to hazard events has been, in most cases, limited or non-existent. A 
great need exists for planners in the region to be able to identify those areas and provide 
more in-depth and accurate studies of the dangers associated with continued 
development. 
 
                                                 
1
 http://ugs.utah.gov/utahgeo/hazards/landslide/flows0704/flow0704.htm 
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Figure 1. Santaquin, Utah Co. Debris Flows (USGS Landslide Data Sheet 2004) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Santaquin, Utah Co. Debris Flows (USGS Landslide Data Sheet 2004) 
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Figure 3. Santaquin/Spring Lake Debris Flows (USGS Landslide Data Sheet 2004) 
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1.2. Project Objective 
The primary objective of this project was to develop a spatial debris flow and landslide 
model within a GIS framework. This was done in order to delineate areas that have a 
greater susceptibility to the occurrence of debris flow events. The derived data and 
methodologies will then be utilized within the city planning and regional development 
process to better inform planners and residents about possible hazard events and avoid 
future developments in potentially unsafe areas. The project’s focus was on adjusting 
previously established non-spatial methodologies and parameters for landslide and debris 
flow events and integrating them within a GIS model. This model then utilizes available 
data to identify those regions within the study area that may be at a high risk for hazard 
events. This methodology allows for a solid basis for future modeling processes and 
possible future slope instability model refinements. While this project provides 
generalized information regarding high-risk hazard areas, it should not entirely take the 
place of a more detailed and intensive ground-based investigation into possible natural 
hazard dangers.  
1.3. GIS & Hazard Analysis 
In recent years, GIS has been more widely accepted and utilized as a method of 
determining and delineating areas that are susceptible to natural hazard events (Melelli & 
Taramelli, 2004). While many studies have concentrated on the comparison of historic 
debris flow run-out areas, they have done little to spatially determine the areas where the 
triggering events occur. Many recent projects involving GIS and debris flow or slope 
instability have dealt with areas that have suffered from widespread fires and post-burn 
conditions with the events triggered by extreme weather (Dietrich & East, 1998).  Many 
of the previous studies utilized and adjusted post-burn area data to account for higher 
rates of debris flow occurrences. They then compared those with unburned areas but have 
done little to address areas without a burn history (Cannon, 2001).                                                               
While much of the published literature concerning GIS natural hazard assessments is 
specific to certain geographic areas and conditions, many studies lack the flexibility of 
different input parameters that allow for widespread use. Since post-burn characteristics 
differ greatly from normal soil and vegetation coverage, additional methodology was 
incorporated within this project. Remote sensing and aerial imagery were used to define 
and verify existing vegetation characteristics and slope analysis. In the past, models and 
GIS software extensions were created specifically for the analysis of debris flow and 
landslide events (Masataka, 2003), but they lacked adequate flexibility of varied data 
inputs for the examined areas. This project and the associated model used components of 
previously established landslide models, such as the infinite slope stability model (ISSM) 
(Deiethrigh & Ward, 1987). This was implemented in past slope stability studies but has 
not been integrated into a spatial GIS model. This study utilized components of that 
methodology but altered them to better suit the unique characteristics of the region and 
the numerous variables associated with the study area. 
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1.4. Structure of Report 
The project structure and methodology followed seven main areas of concentration: 1) 
study area characteristics, 2) landslide hazard components, 3) model development and 
methodology, 4) data characteristics, 5) model implementation, 6) process results, 7) 
project conclusion and future research considerations. Within the main project 
methodology, there are established sub-processes that contribute to the main overall 
model, processes, and design of the project.   
Defining sub-processes better clarified which data, software, and hardware considerations 
were taken into account and what methods were used to accomplish the project goals. 
The data, since it was acquired from numerous sources, was then investigated in greater 
depth to determine whether it could provide the needed structure. The project methods 
included the use of GIS functions to manipulate the data and display the characteristics in 
a spatial context. Established parameters were set, and required data was obtained and 
tested for accuracy. This allowed for an examination of the spatial extent and quality of 
different data sets.
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2.  Study Area  
Cedar Valley, Utah is located south-southwest of Salt Lake City, along the western slopes 
of the Lake Mountains (see Figure 4). Areas within the region have historically been 
prone to various landslide hazards and have recently been the site of numerous debris 
flow events. Due to the rapid population growth and associated development within 
Cedar Valley, the Eagle Mountain City Planning Department has expressed an interest in 
determining which undeveloped and recently developed areas in the valley might be 
prone to the possibility of soil instability and debris flow events. In order to encompass 
all possible areas of development, the study area was extended beyond the municipal 
boundaries of Eagle Mountain City to include the entire drainage basin within the valley. 
Data availability for the defined study area was then reviewed to ensure that all data for 
model inputs were obtainable and fell within the needed resolutions and accuracy 
requirements.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Cedar Valley, Utah Study Area Location. 
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One of the most serious natural hazards facing the Cedar Valley, Utah (and the primary 
focus of this study) is the possibility of weather-triggered debris flows or mass wasting of 
soil on mountain benches. In recent years nearby areas have been exposed to numerous 
natural hazard events, which have caused hundreds of thousands of dollars in damages. 
These events have had devastating effects on entire residential developments. The 
associated hazards often include the combination of both extreme flood events as well as 
slides on unstable slope gradients. These hazards often occur in areas or in close 
proximity to areas where residential developments already exist and where future 
development will continue to happen. This development has historically taken place on or 
near mountain benches. Before developments are approved and extensive money is 
invested in these areas, it is important to determine where debris flow events could occur 
so that they can be included as a factor in planning decisions.  
2.1. Administrative Context 
The Cedar Valley is located in the northwestern section of Utah County, Utah (pop. 
443,738). The City of Eagle Mountain was incorporated as a municipality on December 
3, 1996 and has been growing rapidly ever since. The population was 2,157, according to 
the 2000 Census. By February 2007, the estimated population had reached 19,000. In its 
short history, the city has quickly become popular for its rapid growth and development. 
The city extent covers an area of over 42 square miles, which makes Eagle Mountain City 
the fourth largest city, by area, in the state. The current city boundaries were expanded in 
2002 to include much of the valley floor and western slopes of the Lake Mountains to the 
east. Northern sections of the city include lower elevations and benches of the Tintic 
Mountains (see Plate 1). The city planning department is responsible for all GIS data 
associated with the city and any future development considerations. Areas outside of the 
municipal boundaries are administered by Utah County. 
2.2.  Geography 
The Cedar Valley region is formed by the Lake Mountains to the east, Tintic Mountains 
to the Southwest, and the Oquirrh Mountains to the East-Northeast (see Plate 1). The 
elevations range from 4850 ft (1478 m), at the Valley floor, to 5350 ft (1631 m), at the 
Mountain benches, to over 9500 ft (2896 m), at the mountain summits, which lie within 
the study area. The municipality of Eagle Mountain City and the surrounding Cedar 
Valley hold unique geographic, climatic, geologic, hydrologic, and pedologic 
characteristics. These characteristics make the region susceptible to possible debris flow 
(landslide) hazards, which occur naturally and have occurred in other parts of the region 
with similar characteristics.  
2.3. Geology 
Geological formations within Eagle Mountain City and the Cedar Valley include exposed 
bedrock formations on mountain slopes and deep-seated subsurface strata. The valley 
contains some defined fault lines, which are exposed as a result of seismic fracturing and 
instability. While there is some variation within the valley, the majority of the subsurface 
characteristics remain constant throughout the valley. This subsurface continuity has been 
verified by the Utah Geological Survey (UGS) and has allowed for a more simplified 
geological model data input.  
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2.4. Pedology 
The soil characteristics of the Cedar Valley are generally a result of previous historic 
Lake Bonneville sediments and coarse-grained soils, which change on mountain benches 
and on upper mountain slopes. In the past, farmers have utilized the fine-grained soils 
present in the valley lowlands for agricultural purposes. A more detailed analysis of soil 
characteristics and traits of the Cedar Valley are provided in later sections. 
2.5. Climate 
Cedar Valley and Eagle Mountain City lay within a high, arid desert valley, which often 
receives less than 12 inches of rainfall per year but acquires over 36 inches of snowfall 
per year (see Table 1). This climatic condition creates the possibility for strong flood 
events since dry conditions are often inundated with sudden strong storms, which are 
common in the Rocky Mountain basins in the spring and summer months. Moreover, 
rapid snowmelt conditions can also act as a triggering mechanism for debris flow events. 
While climatic conditions play a role in the triggering effects of debris flows and should 
be examined in order to determine possible precipitation amounts, specific values were 
not be incorporated into the models since meteorological inputs are a varying factor in the 
triggering mechanisms. 
 
 
 
 
Table 1. Fairfield, Utah, Climatic Records (Western Regional Climatic Center, 2005) 
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2.6. Vegetation 
The high desert, semi-arid landscape within the Cedar Valley contains varied and mixed 
vegetation spreads and phreatophytic coverage. These plant types include low-growth 
cedar, juniper, sage, and various grasses, which are present in lower lying areas and on 
mountain benches. Lower elevations of the valley floor, which have traditionally been 
agricultural areas, are rapidly being replaced by developed residential areas with 
associated lawn and turf groundcover. 
2.7. Hydrology 
The study area falls within the Utah Lake Basin and serves as a natural drainage for 
precipitation and snow pack melt from surrounding mountain ranges. The high elevations 
hold a large snow pack during the winter months, and the spring melt introduces 
numerous streams and intermittent creeks within the study area. This semi-annual flow 
has defined numerous drainage features, which extend into the valley floor and most 
noticeably in the “Sinks” area of the valley, where the amount of runoff from surrounding 
ranges keeps the area saturated for much of the year.  
11 
 
 
3. Landslide Hazard Assessment 
Landslides occur when rock or soil masses are unable to maintain cohesive properties and 
stability when under stress. There are many different types of landslides. “Mass wasting” 
is a generic term for the down-slope movement of soil or rock material under the 
influence of gravity. When the gravitational force acting on a slope exceeds its resisting 
force, slope failure (mass wasting) occurs. “Landslide” is a synonymous term and implies 
failure of a surface, and slippage, flow, or falls occur. Types of slides have been 
categorized by the type of movement and material that is associated with that movement. 
The most widely accepted system of general classification is the Varnes landslide 
classification types (Varnes, 1978). This recognizes three primary types of movement—
falls, slides, and flows and three types of material— bedrock, consolidated, and 
unconsolidated material (see Table 2).  
 
 
Type of 
Movement 
Type of Material 
  
Bedrock        Unconsolidated Sediment or Soil 
  Coarse         Fine                       
Falls                         Rock Fall Debris Fall Earth Fall                 
Slides Rotational Rock Slump Debris Slump Earth Slump         
Slides Transitional 
Rock Block Slide Debris Block Glide Earth Block Guide 
Rock Slide Debris Slide Earth Slide 
Flows                Rock Flow Debris Flow Earth Flow    
Complex               Combination (2 or more types) 
    
 
Table 2. Landslide Classifications. Abbreviated version of Varnes classification of slope movements 
(Varnes, 1978). 
 
 
In addition to the three primary types of movement, mass-wasting events may have more 
complex structures based on a combination of both materials and the type of movement 
involved. Landslide types have also been categorized by the USGS into ten main 
classifications with subtypes of each, depending on different variables: (a) rotational 
landslides, (b) translational landslides,  (c) block slides,  (d) rock fall,  (e) topple,   (f) 
debris flow,  (g) debris avalanche,  (h) earth flow,  (i) creep,  and (j) lateral spread (see 
Figure 5).  
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Figure 5. Landslide Types (USGS Fact Sheet 2004-3072) 
 
3.1. Slope Characteristics 
Slopes can be classified into slope types and slope classes, which influence how a slide 
event will behave. It is important to distinguish between the different types and classes in 
order to understand the complexities that exist and the reasons behind slide events from 
area to area. 
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3.1.1. Slope Types 
Slope instability is influenced by the type of slope(s) involved. Natural slopes are often a 
complex combination of different slope types (see Figure 6). Linear and hyperbolic 
concave types of slopes have greater down-slope distances and area because they 
maintain a consistent shape regardless of slope angles. Other slope types do not maintain 
the same shape or curvature for long distances, greatly limiting the distance a flow can 
move and gain strength. Debris flow events are nearly always associated with either 
linear or hyperbolic concave or a combination of the two because they can maintain 
constant angles for longer distances, giving the debris flow more velocity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Slope Type Classifications. Stability and performance of slope and embankments (American 
Society of Civil Engineers, 1966). 
 
Slope types within the study area vary from level concave and convex types on the valley 
floor to very complex hyperbolic concave steep slopes found within the Oquirrh, Lake, 
and Tintic Mountain ranges. Since such detailed and complex classifications were limited 
by the accuracy of available elevation data, a determination was made to classify all 
slopes in the study area as simple linear slope types. The linear slope type was chosen 
because it maintains a constant angle throughout the entire length of the slope, which aids 
in simplifying analysis. 
3.1.2. Slope Classes 
Slope classes refer to the percent or degree of the angle within the slope. This can range 
from flat or nearly level to very steep or a near vertical cliff (see Table 3). As the gradient 
becomes more extreme, the influence of the stability of slope materials on the event 
becomes less prominent. This leads to gradient playing a more important role in slope 
instability (Dietrich et al., 1986).  
 
14 
 
Classes (Simple Slope) Complex Slopes 
Slope Gradient Limits 
Lower Percent Upper Percent 
Nearly Level Nearly Level 0 3 
Gently Sloping Undulating 1 8 
Strongly Sloping Rolling 4 16 
Moderately Steep Hilly 10 30 
Steep Steep 20 60 
Very Steep Very Steep >45   
 
 
Table 3. Slope Gradient Classifications. Abbreviated from stability and performance of slope and 
embankments (American Society of Civil Engineers, 1966). 
 
It should be noted that slope classes are generally stated and the limits of each class 
overlap. This uncertainty is fortunate since the ability to accurately measure slopes 
throughout any study region is limited by the resolution and accuracy of available 
elevation data. Plate 2 portrays the calculated slope in degrees throughout the study 
region. The data source and development of this derived data set is discussed further in 
Chapter 4.  
3.2. Soil Characteristics 
The physical properties of soil largely determine how it will react when other 
contributing slide and debris flow factors are applied. Soil properties, such as water 
holding capacity, permeability to water, color, aeration, plasticity, and organic and 
mineral content, determine the unique characteristics of soils and how they are classified. 
Standard soil classification schemes have been established by the U.S. Department of 
Agriculture’s National Cooperative Soil Survey (NCSS). This section discusses a number 
of soil characteristics that are critical to soil stability: particle size, textural classes, 
plasticity, soil composition, and material weight. As will be seen, many of these 
characteristics are important in the debris flow model discussed later in this chapter. 
3.2.1. Particle Size 
Soil particles differ in size from gravel or coarse materials to sand and silt to fine clay 
(see Table 4). The physical properties and composition of the small and large particles 
differ greatly. The coarse classes (gravel and sand), from 1-2 mm in diameter, are mainly 
composed of rock fragments and have low specific surface and are relatively non-reactive 
(meaning that they do not hold large amounts of water and have large voids between 
them, in which they can transmit air and water easily). Fine textural classes, such as clay 
15 
 
and silt, .002-.05 mm, may hold a large amount of water and have a high specific surface 
area. The particle size influences the makeup of soil composition and textural classes. 
This has a direct influence on factors associated with soil stability, which will be 
investigated further.  
 
 
Particle Type Particle Size 
Very Coarse Sand: 2.0-1.0 mm 
Coarse Sand: 1.0-0.5 mm 
Medium Sand: 0.5-0.25 mm 
Fine Sand: 0.25-0.10 mm 
Very Fine Sand: 0.10-0.05 mm 
Silt: 0.05-0.002 mm 
Clay: <0.002 mm 
 
 
Table 4. Soil Particle Size Variation.  National Soil Survey Handbook (USDA, 2005). 
 
3.2.2. Textural Classes 
All soils are made up of a combination of particles of various sizes. Soil textural classes 
are expressed as a percentage of clay, sand, and silt and can be defined within the 
pyramid classification shown in Figure 7. The proportions of particles of different size 
groups in a soil determine its textural class. The principle textural classes are clay, silt, 
and sand. The properties of specific soil types differ depending on the percentage of those 
textural classes that are present in its composition. This make up of textural properties is 
vital in determining the soil unit weight and water holding capacity, which factor into 
determining soil stability. 
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Figure 7. Soil Composition Pyramid.  National Soil Survey Handbook (USDA, 2005) 
 
3.3. Debris Flows 
Cedar Valley, Utah holds characteristics that have historically contributed to slide events 
that fall under the debris flow classification. While the area still maintains the possibility 
of other landslide types, debris flow events have, in the past, caused more damage and 
pose the greatest threat to both people and property. Because of this history, the focus of 
this project concentrates solely on debris flow types of landslide events. Slope stability is 
primarily dependent on two main factors: the characteristics of the slope and the 
characteristics of the materials involved. Slides are a major concern within the study area 
since many of the slopes are very steep on both the east and northeast sides of the valley. 
While all landslides are potentially dangerous, the more complex debris flow types 
associated with unconsolidated sediments and soils have and continue to have the greatest 
impact on the area.  
3.3.1. Debris Flow Characteristics 
Because debris flow events have a very complex structure, it is difficult to account for all 
of the variables associated with each type. Characteristics and components may differ 
greatly based on numerous factors, including the rate of movement and the quantity or 
volume of material being moved. While all landslide types are potentially dangerous, the 
complexities of debris flows have been more difficult to predict due to rapid movement 
of debris and sediments over non-uniform terrain. Additional factors may alter or change 
the behavior of a debris flow, making them difficult to clearly define, unlike other types 
of landslides that have a slower more deliberate movement. Because of these 
complexities, some simplifying assumptions had to be made in order to implement debris 
flow characteristics within a model. These simplifications are reflected in the model 
inputs, which will be addressed in future sections. 
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3.3.2. Debris Flow Components 
Debris flow types of landslides consist of four main components (see Figure 8):  1) A 
source trigger area is a point or area that defines the location where initial stability is lost 
and a debris flow event begins. 2) The initial loss of stability is then directed down slope 
by a flow path, which determines the direction and extent of materials as they continue to 
gain mass and speed. These paths often consist of stream channels and deep ravines, 
which can restrict the flow from spreading laterally, and funnel the debris according to 
slope and orientation. 3) When the flow reaches an area where the path is no longer able 
to contain its volume, it begins to spread to a transitional area, where the path can no 
longer contain a directional flow.  4) The debris then spreads from this point to its areas 
near the outlets of canyons or channels to a terminal fan where it reaches its maximum 
extent and can no longer maintain movement (Krizek, 1978).  Multiple debris flows that 
start high in canyons and independent channels commonly funnel into a single channel. 
Within that channel, they merge, gain volume, and travel long distances from their 
sources, spreading to a greater area within the terminal fan. Debris flows commonly 
begin in swales (depressions) on steep slopes, making areas down slope from swales 
particularly hazardous. Road cuts and other altered or excavated areas of slopes are 
particularly susceptible to debris flows. Debris flows and other landslides on roadways 
are common during rainstorms and often occur during milder rainfall conditions. Areas 
where surface runoff is channeled, such as along roadways and below culverts, are 
common sites of debris flows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Debris Flow Components 
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3.4. The Debris Flow Model 
In order to predict areas that may be more susceptible to debris flow events, numerous 
factors needed to be considered. A model structure needed to be established in order to 
ensure that the necessary input data could easily be integrated. The framework of the 
model had to allow for flexibility of input data from various sources. Creation of a model 
structure that allows for data inputs from multiple sources gives the opportunity for 
others to use the model in areas other than the specified project area. Development of a 
GIS debris flow model assists in determining those areas with a high risk of failure by 
examining both geographical and material variables over larger areas and in varied 
terrain. 
The ISSM was chosen as the basis for the Geospatial Assessment of Debris Flow Hazard 
Study due to its acceptance in the scientific community as a widely used and proven 
slope stability model. This model also provided a more simplistic formula for 
incorporating spatial data, which then, can be integrated and modeled easily within a GIS 
system. 
The ISSM model takes into account factors that heavily influence soil and landscape 
stability as well as the ratio between driving and resisting forces of slope movement 
(Melelli & Taramelli, 2004). The ratio value, which determines the slope’s stability, is 
referred to as the factor of safety or FS. This factor-of-safety value defines a general area 
where debris flows are more likely to be triggered and areas where there is less likelihood 
of occurrence. The general equation for the ISSM is as follows: 
 
 
 
 
 
3.4.1. Model Inputs 
Determining which characteristics have the most influence on these events and defining 
the inputs in a broad spatial context were not easy. The model inputs used both constant 
and variable data in order to account for different factors debris flows possessed. In order 
to delineate areas within the study area that held characteristics consistent with debris 
flow events, a complex analysis needed to be undertaken. The basis for the development 
of this spatial model was built upon the ISSM, where the attributes of spatial data were 
used to represent the parameters found in the ISSM equation.   
The Infinite Slope Stability (ISS) equation and derived factor of safety (FS) parameters 
include: combined cohesion factors (C), unit weight (γ), water weight (γw), strata depth 
(Z), slope (β), and other geologic constants (see Table 5). 
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Symbol Definition Units 
Value 
Ranges 
Cr root cohesion kN/m² 0-50 
Cs soil cohesion kN/m² 0-200 
C combined cohesion kN/m² 0-250 
γ unit weight of material kN/m² 12-22 
γw unit weight of water kN/m² 9.8 
Z thickness of slope material above slide plane m 1-20 
Zw 
thickness of saturated slope material above slide 
plane 
m 0-20 
m vertical height of water table above the slide plane  dimensionless 0-1 
  
expressed as a fraction of total thickness 
    
β slope of the ground surface degrees 1-50 
  
which is assumed parallel to the slope of the failure 
plane   
  
φ internal angle of friction degrees 22-46 
S shear strength     
τ shear stress     
σ normal stress     
μ pore water pressure     
 
Table 5. Infinite Slope Stability Model (ISSM) variable definitions and units. (after Varnes 1978) 
 
While the ISSM takes into account numerous factors, it is still a generalized model and is 
unable to consider all contributing factors associated with these complex natural hazard 
events (Ritter, 2004). The current slope stability model fails to acknowledge numerous 
inputs specific to the study area and often over generalizes the values and characteristics 
of the model components. In order to spatially delineate possible hazardous areas, it was 
necessary to adjust the stability model to allow for the inclusion of data specific to Eagle 
Mountain City and the Cedar Valley basin. The ISSM shows a graphic representation of 
the data inputs, variables, and constant values (see Figure 9). These were used when 
integrating the model into a GIS. The various input data will be addressed further to 
better understand the need for a modified model. 
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Figure 9. Infinite Slope Stability Model (ISSM) Representation. (Adapted from Varnes 1978) 
 
 
While the ISSM incorporates numerous factors, it is still a generalized model and is 
unable to take into account all contributing factors associated with these complex natural 
hazard events (Ritter, 2004). Conversely, it is a complex model to implement in GIS. 
Specific values for all of the variables throughout the study area are impossible to 
determine.  
The ISSM relies on several simplifying assumptions, which impose a general limitation 
upon the slope stability model (Wadge, 1988). These are as follows: 
1) Failure is the result of transitional sliding and does not take into account more 
complex types of sliding;  
2) The failure plane and the water table run parallel to the ground surface, and  
3) The failure plane is of infinite length and is not limited to obstruction or 
alteration by topography.  
These assumptions were generally necessary due to the lack of specific data on 
subsurface geology and water tables. The model is also limited by assuming that there is 
no impact by input factors, such as upslope developments and down slope modifications. 
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3.5.   Model Implementation 
This equation was incorporated into a GIS by making use of available data specific to 
Eagle Mountain City and the Cedar Valley basin. Before a model could be created, it was 
necessary to consider a number of issues. First, it was necessary to determine if the data 
had to be converted into a raster-based format, where each cell would have unique values 
assigned from various spatial characteristics or if the data could remain in vector formats. 
Second, it was important to determine whether the formula could be completed within a 
simple raster calculation function or if it was necessary to write a code that could be 
introduced in the model as a Visual Basic (VB) script or map algebra function. Finally, 
an investigation of the data was undertaken in order to determine if the spatial data was 
sufficiently accurate and complete in order to provide the needed information.  
3.5.1. Raster or Vector Implementation of ISSM 
After the running of several trial overlay functions with the vector-based data, it was 
determined that it would be necessary and beneficial to convert all datasets into raster 
format for use in the spatial model. This decision was made for two primary reasons: 1) 
the conversion of the data sets into a raster format allowed for fast and efficient 
processing and provided more efficient storage and 2) by having raster-based files 
representing the debris flow input parameters, it was possible to take full advantage of the 
flexibility within the processing tools (including raster calculation functionality, 
interpolation abilities, and weighted overlay analysis capabilities) in the ArcGIS Spatial 
Analyst extension. 
3.6. Model Builder Integration 
In order to integrate the established ISSM into a spatial model and express the factor of 
safety (FS) in a spatial context, there needed to be an established process for developing 
the model. The creation process had to be flexible enough to incorporate all of the input 
parameters while being able to accept changes in data as the study area and data became 
available. The model development was created in ArcGIS Model Builder, using 
established tools within the Arc Toolbox. This allowed for an interface that was easy to 
alter and organized the input data and parameters (see Figure 10). The modeling process 
involved four steps in the creation and design of model in ArcGIS. These steps were as 
follows: 1) organize model structure, 2) define model inputs, 3) establish processing 
functions, and 4) integrate the equation. 
3.6.1. Model Structure 
Model structure and organization within model builder was created in a flow chart 
format, in which the primary input data was branched into separate converted data inputs 
and then calculated based on different geoprocessing functions that were run on the data. 
The process then combined existing inputs to the final process, resulting in single output 
(see Figure 10). 
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Figure 10. Model Builder Infinite Slope Stability Model (ISSM) 
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By preparing the ISSM within the Model Builder framework, it provided a usable 
platform for others, who may wish to study possible debris flows and slope instability in 
areas where similar conditions exist. Furthermore, the model format also provides enough 
flexibility that it may be altered in order to fit additional study areas and integrate the 
unique spatial characteristics of those areas (including manmade structures and disturbed 
areas). While this model is not a substitute for a more detailed environmental engineering 
study, it does provide spatially referenced tools, which can be used to delineate areas that 
may be prone to such hazard events.  
3.6.2. Model Inputs 
Model inputs were determined by primary components in the ISSM. The initial primary 
data inputs were necessary for the model to run and generate secondary derived data. 
These data sets and the placement of the specific types of data involved in the model will 
be examined in more detail in future sections.  
3.6.3. Geoprocessing Functions 
Within the model structure, a determination was made as to which geoprocessing 
functions and tools were used and where analysis should take place within the model 
structure. Existing tool sets in the ArcGIS framework were utilized for vector 
conversions, overlay analysis, interpolation, and weighted overlay functions. Using these 
established tools, simplified the analysis process and allowed for easy conversion from 
one function to another. 
3.6.4. Equation Integration 
A determination was made as to how and where the ISSM equation and associated inputs 
would be integrated within the model. The process and position was determined by the 
most simplistic method of integration and compatibility with the included data. This 
integration will be examined more closely as model results are discussed.    
3.7. Data Requirements 
The primary input variables of the ISSM are categorized into 1) vegetation 
characteristics, 2) soil characteristics, and 3) elevation and slope characteristics. Since the 
values of the inputs are often difficult or expensive to obtain, in some cases, general 
assumptions of uniformity throughout the study region were made. As previously states, 
some data (most notably subsurface geology) is very difficult to acquire, and in some 
cases, much too generalized. Average values from USGS and USDA standard 
classifications were used to help maintain continuity within the model. How available 
data was manipulated for use within this model is the subject of the next chapter. 
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4.   Data 
This chapter details the various data sets used in this project as well as the source of 
information for each type of data. Data delivery involved three different types that could 
be received in both tabular and spatially based datasets. Issues addressed within this 
section include: data classifications, requirements, and minimum standards for certain 
data. The source quality and accuracy of the data will be addressed in order to outline the 
restrictions of the data within the analysis process. Examining data characteristics will, in 
turn, address how these inconsistencies and errors may affect the model development and 
project analysis. Each of the specific data sets requires differing tolerances and 
specifications that will be addressed according to the function in the model. 
4.1. Data Sources 
Data sources involved three different methods of acquisition and origin: 1) data sets that 
were provided from sources associated with the project; 2) data sets that were acquired 
from outside sources not associated with the project; and 3) data that was derived from 
analysis or processing of associated data sets within a GIS.  
4.1.1.  Provided Data 
The primary source for reference information and political data was the City of Eagle 
Mountain GIS and planning departments. This data provided the basis for city boundary 
extents and political border considerations. By following the acquisition of the data, it 
was converted to meet a standard projection and datum. 
4.1.2.  Acquired Data 
Additional data, which was not available or provided by Eagle Mountain City, was 
acquired from numerous outside sources based on the data needed. Sources included the 
Utah Geological Survey (UGS), United States Department of Agriculture (USDA), 
National Oceanic and Atmospheric Administration (NOAA), United States Geological 
Survey (USGS), Utah and Juab County GIS departments, and Utah State University 
Remote Sensing Department (USURSD). The acquired data was then verified and 
converted in order to fit into the set datum and projection standard for the project.  
4.2. Data Format 
In order to more easily integrate completed model data within the Eagle Mountain City 
GIS department, all data for the project was projected into the NAD 1983 State Plane 
Utah Central FIPS 4302 datum and in Lambert Conformal Conic Projections. The 
majority of provided and acquired data was received in ESRI shapefile (.shp) format and 
was saved to feature classes within a specified geodatabase. Personal geodatabase feature 
classes were utilized to better manage and perform topology analysis on data. After the 
acquisition was completed, the data was housed locally in order to more efficiently run 
processing and analysis functions. Those tabular datasets, which were acquired, were 
then converted in ArcGIS and incorporated within the established geodatabase. 
4.2.1. Data Compilation and Processing 
Data compilation and processing was completed through tools and functionality within 
the ESRI ArcGIS 9.0 software. ArcGIS extensions, such as X Tools Pro and Hawths 
tools, were also utilized for analysis purposes. Some processing of raster-based imagery 
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and data was processed through ERDAS Imagine software. Specific methods and 
processing were completed according to individual datasets. 
4.3. Data Classifications 
Data sources included in the ISSM were broken down into three classifications based on 
their function within the GIS model. It was important to classify data in order to 
distinguish between the different types that serve various functions within the model and 
the cartographic output. Classifications have been categorized as: 1) primary input data, 
2) secondary reference data, and 3) model derived data. 
4.4. Primary Input Data 
Primary input data functions as the basis for the model and contains information that is 
essential to the ISSM model structure and its execution. The primary inputs for the spatial 
model are: 1) elevation data, 2) soils/geologic data, and 3) vegetation data. This data was 
acquired as both raster and vector data and then standardized into a common model 
format. The attributes of the data were verified to ensure that there were no 
inconsistencies or missing records that could impact processing. The primary data inputs 
were clipped to an area one half-mile beyond the project area boundary to ensure that no 
missing data outside the project area was factored into the processing.    
4.4.1. Elevation Data 
Elevation data provided one of the major components within the debris flow model, so it 
was important to implement the best possible elevation data available. The differing 
resolutions of elevation data may have a great impact on how the topography is 
represented. This also affects the inclusion or exclusion of certain prominent topologic 
features (see Plate 2). Data resolution can be an important consideration when dealing 
with slope defined accuracies within the flow models implemented in this project. Since 
the resolution of the other primary data inputs were no less than 10 meters, the Digital 
Elevation Model Data (DEM) was also required to be 10 meters or better. This tolerance 
was imperative in order to maintain the model results at the highest possible resolution.  
Because this data provides the basis for watershed and stream flow delineation, it was 
vital that the elevation dataset covered the entire study area, with no gaps or seams that 
may have thrown off the stream network delineation process and slope calculations. The 
USGS Seamless Data Distribution site
2
 provided DEM datasets with selectable “gapless” 
coverage for the entire study area, but still, revealed remains of seams or ghost lines from 
joined datasets. These seam and join lines were of some concern since further processes 
could be affected by inconsistencies within the pixel values. In order to mitigate possible 
inaccuracies caused by these join lines, convolution processes within ERDAS Imagine 
software were run on the elevation data in order to help reduce the possible effects of 
extreme join lines. This process took the average of the surrounding pixel values and 
executed a smoothing function on the surfaces. This eliminated large differences within 
the seam or edge area values. While this process did not eliminate all inconsistencies in 
the data, it helped to reduce differences to an acceptable level for this study. In addition 
to smoothing of seam lines, other processes were required in order to preprocess the 
DEM data for use in models and for running additional processes involving hydrology 
                                                 
2
 http://gisdata.usgs.net/Website/Seamless/viewer.php 
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modeling and deriving slope. Pit processing run on the entire grid corrected anomalous 
low-lying areas or “pits” within the grid, which are surrounded by higher congruent 
elevation values. These areas are characterized as areas that do not drain, and therefore, 
have an impact on drainage. While these areas are rare in natural topography, they do 
occur in digital elevation models and have a great impact on network drainage patterns 
that will be derived from the DEM. This pit filling correction was undertaken within the 
Arc Hydro process prior to delineating drainage basins, watersheds, and stream networks. 
Output slope data was calculated in degrees (the inclination of the slope) within the raster 
surface toolbox in ArcGIS 3D Analyst. The slope tool was integrated into the model 
builder framework and the associated file was outputted as a model derived raster file.  
4.4.2. Soils Data 
Acquired soil data sets from the United States Department of Agriculture (USDA) and 
the National Resource Conservation Service (NRCS), in a 1:24,000 scale shapefile (.shp) 
format, allowed for a wide coverage of the study area and provided a useful data source 
for implementation with the hazards assessment models. The data followed previously 
established methods for the classification and taxonomy set forth by the USDA. Since the 
source of soil data is already associated with a well-known and established method of 
classification and taxonomy set by the USDA, itself, it was the best choice of data. Other 
widely used alternative methods were ruled out as viable options. Soil descriptions and 
characteristics were essential elements when including soil data within a hazard 
assessment since so many traits and factors associated with soils are affected differently 
depending on each individual soil type. While it is impossible to include every type of 
property for contributing soils within the study area, certain characteristics needed to be 
identified for inclusion within hazard models. While many of these characteristics, such 
as texture, soil cohesion properties, soil weights, and strata depths, are not present in the 
original data sets themselves, general properties can be attached to the data based on the 
general classification and taxonomic categorization. The USDA classification and 
taxonomy schemes, initially developed for agricultural purposes, failed to detail certain 
soils specifications, which are often used in engineering applications.  However, they did 
provide a general description of the soils characteristics, which could then be associated 
with numeric values (see Plate 4). 
The physical properties of soil largely determine how they will react when other 
contributing slide and debris flow factors are applied, as previously discussed. Properties, 
e.g., the water holding capacity, permeability to water, color, aeration, plasticity, and 
organic and mineral content, determine the unique characteristics of soil types. This also 
determines how they are classified within the model (see Appendix C). While the 
inclusion or the absence of many of these properties can determine varying results when 
applied to slope or slide models, only certain properties could be factored in based on the 
generalized classifications in the data. This model utilized standard classifications, which 
have been established by the NCSS (see Appendix C). Detailed data was difficult to 
acquire for large areas, and even at large scales, the data was generalized by field 
collection of point samples. In addition to limited availability, the soil strata had such a 
wide variation in depth and composition from surface to bedrock or water tables that it 
often resulted in over simplified data. USDA 10-meter-resolution coverage provided the 
needed information for soil types, which were then assigned corresponding values, based 
on established classifications. Acquired data provided complete coverage of the defined 
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study area (see Plate 4). A feature conversion process was executed using the feature to 
raster tool in ArcGIS in order to get the data into a common raster-based file for 
integration within the model. The field used to assign values to the output raster was the 
soil classification identification number. This references information regarding soil 
makeup and the physical characteristics of the materials involved. The identification 
number is linked to various model derived datasets, which are included as additional 
inputs in the modeling process. 
4.4.3. Vegetation Data 
Primary vegetation and land-cover data was acquired as a raster GeoTIFF and in Grid 
files based on remotely sensed NVDI (Normalization Vegetation Indexing) through the 
Utah State University Remote Sensing Utah Gap Vegetation Mapping Project (UGVMP). 
The data was created in compliance with USGS Gap Vegetation program and maintains 
the same format and standards. In addition to this primary data, secondary data from the 
United States Department of Agriculture (USDA) and the National Resources 
Conservation Service (SSURGO) databases were also used to verify the validity of the 
classifications. 
In order to calculate and incorporate cohesion indexes within the ISSM, it was necessary 
to delineate and attribute which vegetation types and land-cover types were present 
within the study area (see Plate 3). Since vegetation characteristics play an important role 
in the soils ability to maintain cohesion, even in steep high-risk areas, it was important to 
obtain a vegetation coverage that would compliment other datasets within the study. 
Since vegetation coverage changes often, various steps were taken in order to ensure a 
quality up-to-date dataset.  
Additional steps of visual and field confirmation were taken in order to ensure that 
classified vegetation types and corresponding root cohesion values were consistent and 
that no discrepancies were found. Thus, in order to visually confirm the assigned 
classifications and verify land-use coverage, 2004 National Agricultural Imaging 
Program (NAIP) 1-meter true color images in Mr SID format were used. In addition to a 
visual interpretation from aerial images, 20 random sample points were generated within 
a specified sample area. This was defined by the extent of the road’s layer in the valley 
and was based on accessibility to those areas. The random sample points were field 
checked on December 20, 2005, during a visit to the area with 12 out of the 20 verified 
(see Plate 3). Three sample locations were classified incorrectly and a 10-meter area of 
cell values around the sample point was updated to reflect the correct land cover. The 
raster was converted into a standard ESRI grid raster format for inclusion within the 
model. 
4.5. Secondary Reference Data 
Secondary reference data are datasets that provide spatial information in support of the 
primary and secondary derived data within the model. While this data provides valuable 
information, it does not function as a direct input within the model itself. One benefit of 
having reference data is that it provides additional information for data verification, 
adjustment, rectification, and spatial reference that may not otherwise be considered. 
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4.5.1. Imagery 
The primary need for imagery within this study was to provide a visual reference and an 
interpretation tool to aid in the verification of data and the delineation of natural and 
manmade features. The ability to view recent imagery allowed for verification and 
adjustment of various generalized datasets and provided more accurate information. The 
use of imagery also proved to be a valuable analysis tool in order to determine land-cover 
and vegetation classification. ( see Appendix D.) 
Due to the location of the study area and the distance relative to surrounding regions, in 
which existing imagery was already widely available, any possible format options that 
were available at no or little cost were taken into consideration, so long as they met the 
needed resolution and coverage requirements. The format that was chosen was acquired 
from the United States Department of Agriculture (USDA) site in a Mr SID format (see 
APPENDIX D). The Mr SID image format is color orthorectified imagery. This means 
that the imagery is adjusted so that all elements are in the correct planimetric position. 
This format compressed all data that was not in the viewable area and uncompressed all 
data that was viewable in order to more quickly load the imagery, and greatly speed up 
the refresh rate of the imagery as the image is panned or zoomed. This acquired imagery 
provided a very useful resource for viewing the study area and finding the features, which 
needed identification and verification. The acquired imagery was resampled (as opposed 
to reprojected) into the existing project datum of NAD 83 in order to increase accuracy 
with the existing layers and features. 
In order to provide useful resolution for the delineation and determination of numerous 
large scaled features, it was determined that the resolution should be no lower than 3 
meters, with optimal resolution being sub-meter (1 m). Since the availability of imagery 
in the area was limited, it was important to acquire the best possible imagery. This was 1-
meter resolution color imagery from the USDA in a Mr SID format. This high-resolution 
imagery allowed for the interpretation of secondary stream channels and hydrologic 
features that other lower resolution would not allow. The color characteristic of the 
imagery allowed for the user to define differences in vegetation features as well as soil 
and geologic differences. This may have an impact on the final project assessment by 
allowing for greater accuracy. One restraint on analysis and interpretation was the 
unavailability of inferred (IR) or near IR imagery. This would have allowed for greater 
accuracy when classifying vegetation and other features.  While this limited some aspects 
of the analysis, the high-resolution quality of the imagery allowed for adequate 
interpretability and analysis since determinations were to be made concerning vegetative 
coverage. The defined resolution allowed for the delineation and classification of 
vegetative types, which had an important influence on input parameters within the debris 
flow and slide models. While this imagery allowed for good definition of areas, it should, 
in no way, replace a more detailed and thorough examination of land use and vegetation 
properties. This imagery was then used throughout the project when areas needed to be 
checked for accuracy and verifications needed to be made for both land-use 
classifications and other vector-line delineations. 
4.5.2. Hill shading 
The creation of a hill-shading layer allowed for a better display of elevation and 
topographic features by applying shading and illumination of the DEM surfaces with the 
30 
 
sun at differing angles and azimuths. This process was done mainly for visual effect and 
for cartographic and presentation purposes, it also helped to highlight areas where join 
lines or ghost lines were present within the DEM data. This was accomplished by making 
them stand out from surrounding areas. Hill shading processes undertaken with the 10-
meter USGS DEM data used the default settings within Spatial Analyst with an azimuth 
of 315 and an altitude of 45. These settings were determined visually to provide the best 
possible representation of surrounding topography and were used in the cartographic 
outputs for the project.  
4.5.3. Municipal Data 
City political boundaries data, directly related to the municipality, were provided by the 
municipality itself and contained updated municipal annexed boundaries in ESRI 
shapefile (.shp) format. Parcel data was used in determining land-use classification, and it 
was used to determine if parcels had the possibility for residential development. This data 
was used in the final analysis of which parcels were in close proximity to high-risk areas. 
Landowner information was also provided but was kept out of the final report to insure 
the privacy of residents. Data concerning hazards affecting specific parcels will be made 
available to owners who inquire about the study through the city planning department. 
4.5.4. Road Centerlines 
Road centerline files were provided in .shp format by two sources: The Eagle Mountain 
City Planning Department and the Utah County, Utah GIS database. The primary 
function of the roads data was for visual reference. The city road files contain centerline 
information, naming schemes and current address range information, road types, and road 
classifications. When both datasets were applied, there were misalignments and 
inconsistencies with overlapping sections. The adjoining sections of centerline data from 
both the city and county were adjusted manually based on current aerial imagery so that 
no duplicate road sections are present and the roads file maintained continuity throughout 
the project area. 
4.5.5. Hydrographic Data 
Hydrologic factors represent secondary components outside the debris flow model. In 
“real life,” hydrologic factors do, in some ways, influence debris flow behavior. The 
presence of water features or landscapes that have been altered by water may have a 
noticeable impact on mass and debris accumulation by the time the flow reaches its 
termination. In addition to this hydrologic factor and the presence of stream flows, it 
influences how debris flow events behave once they are set in motion (Costa, Jarrett, 
1981). This section addresses hydrologic factors and the impacts they have on debris flow 
modeling. 
Hydrographic data, which is dominated by Lake Utah in the eastern portion of the study 
area, was acquired from the Utah County, Utah GIS database at a 1:24,000 scale. 
Additional buffers were created in order to better represent hydrographic features and 
increase the visual impact of the features that hold no significant role in the hazard 
assessment model, but are vital for general visual and geographic reference. These 
features also show the destination of the defined drainage networks and depositories that 
are discussed in more depth later in the study.  
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Wetlands shapefile coverages were acquired from the Utah County, Utah GIS database at 
a 1:24,000 scale and provide delineation of areas, which have been defined by the USGS 
as wetlands. These serve as an addition to the hydrographic layers to provide reference to 
other features. Initial hydrologic reference datasets were provided through the 
municipality but proved to be inadequate for a detailed hazard assessment due to lack of 
drainage and watershed information, inadequate network coverage within the study area, 
and missing or inaccurate data fields. To provide a solid basis for further hazard analysis, 
it was necessary to provide more detailed and complete hydrologic datasets, which 
included defined drainage and watershed basins, in which surface flows accumulate into 
stream networks (Tarboton, 1997). Since hydrographic inputs can have an influence on 
debris flows and slide events behavior, it was necessary to acquire additional data sets 
that had more defined drainage and characteristics.  
While NHD (National Hydrologic Dataset) provided many of the needed data 
characteristics, other checks were needed to insure their validity. The basis for hydrologic 
drainage datasets was also confirmed through the execution of ESRI Arc Hydro tools. 
Methods on reconditioned and preprocessed 10-meter USGS DEM datasets checked for 
pits and other inconsistencies. This resulted in datasets that were saved within an Arc 
Hydro framework. These were included as a basic element in the natural hazards 
assessment. This process connected other hydrology features and determined other 
features, which influenced or impacted hazard events. ArcGIS Arc Hydro extension 
allowed for numerous flow paths that had been previously left out of hydrologic datasets 
within the area. One benefit that the Arc Hydro methodology incorporates is a network 
approach to stream and hydrologic delineation and by adjusting characteristics on one 
segment and or one junction point, it can affect the remainder of the downstream 
network. 
4.5.6. Arc Hydro Processing 
In some instances, the availability of quality hydrologic data, such as stream channels, 
flood plain extents, junction, or diversion information, and gauging data are present. In 
many cases, however, it does not provide the necessary resolution or accuracies to be 
useful when incorporating it into municipal planning decisions. While detailed surveys 
are conducted prior to the development of any area, it would be beneficial for a municipal 
planning department, such as Eagle Mountain City, to have access to more quality data. 
The data could then be integrated into other city planning decisions. The Arc Hydro 
extension for ArcGIS 9.0 is a tool that allows for the delineation of stream channels, 
junctions, and catchments from raster-based Digital Elevation Models (DEM). This 
allows for a more detailed networking of the areas with hydrologic features, which can be 
integrated with other city GIS data. The process uses a method of steepest path flow and 
determines the path of least resistance based on elevations of adjoining pixels within the 
DEM (Fairfield & Leymarie, 1991). While the data results were not directly included into 
debris flow or slide models, they did provide point locations for the start of flow paths. 
These were used in determining possible trigger points and gave a visual spatial 
representation of areas that should be examined more closely (see Plate 1). 
4.5.7. Channel Source Points 
The development of channels from these hydrologic events introduces a natural funnel 
into already established flow paths, which can direct the movement down slope (Cannon 
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1989). Because the trigger events and low factor-of-safety (FS) areas tend to encompass 
established channels, established drainage areas need to be taken into account when 
determining source areas or trigger points when all other necessary triggering 
mechanisms are met.  
4.5.8. Intermittent Paths 
One difficulty in providing an integrated hydrology network is distinguishing between 
established perennial stream networks and intermittent paths that may only be present 
during extreme flood events or under certain conditions. Intermittent paths often make up 
the centerline of a defined slide area since they can convey enough water within them 
during heavy precipitation or melt off to trigger slides in areas that may not have enough 
water in them otherwise.  
4.5.9. Perennial Paths  
Established stream paths or perennial streams, which contain water year round, already 
have a defined route and data can then be maintained as to the amount of water or flow 
rate which is present. The ability to examine historical flow rates and paths allows for 
better planning and modeling of what may occur when flow amounts exceed the 
established boundaries. The initial perennial stream classifications taken from the USGS 
National Hydrology Dataset (NHD) were further tested and validated by the creation of 
flow paths within the Arc Hydro extension. This was done in order to determine the areas 
that may not be correctly represented. This was also done in order to check for the 
possibility of the path triggering slide events on slopes that may be susceptible (see Plate 
7). The associations of hydrographic inputs within the model were not used due to the 
difficulty in factoring them into the ISSM. While they do play a role in debris flow 
events, it was not beneficial to include them within the model due to the many unknown 
variables associated with them. 
4.6. Geologic Data 
Sections that lie below common surface geologic classifications were characterized as 
subsurface strata. These subsurface characteristics were integrated within the ISSM but 
needed to be generalized since a detailed survey of the entire study area was unavailable 
(see Appendixes A, B, and C). 
4.6.1. Exposed Surfaces 
Exposed rock surfaces can be either cohesive or non-cohesive formations. Within the 
study area, these exposed areas were almost always associated with solid rock 
outcroppings on upper mountain benches (USGS, 2003). Due to data accuracy 
limitations, those areas were not taken into account within the model, unless they were 
correctly identified from the primary input or derived model data.  
4.6.2. Subsurface 
Subsurface geologic features played a large role in seismic flood event and debris flow of 
natural hazard assessments. However, the availability of quality and accurate subsurface 
geologic data was difficult and often expensive to acquire. Due to the unavailability of 
this data, all related data used general constant parameters, as specified through hard 
copy maps and general geologic survey descriptions from the USGS. 
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4.7. Model Derived Data 
Model derived data is information that has been generated through the running of the 
model process. The output datasets reflect processes that run on the primary input 
datasets. These datasets will be discussed in more detail in the following chapter.  
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5. Model Results 
 
5.1. Equation Integration 
With the model structure established and the primary data inputs in place, the next process in 
order to execute the model was the integration of the ISSM equation within the model structure. 
Since many of the processes were run with tools in the Arc Toolbox, it was determined that the 
single output map algebra function in ArcGIS would provide the best option for establishing the 
equation within the model. This was determined by the ability to use the raster calculator 
function to input the formula into the map algebra tool. Map Algebra syntax can be typed 
directly into the Single Output Map Algebra and Multi Output Map Algebra tools in 
geoprocessing. This process simplified the input process and eliminated the need for writing 
extensive VB codes that supported the equation. Another benefit in using the Single Output Map 
Algebra Tool was the ease of integration into the model builder environment, where it was easily 
included as part of the model structure. The initial ISSM equation was converted to: 
(C+((γ*γw))*(Z*COS(RADIANS(β))*COS(RADIANS(β))*TAN(RADIANS(φ))))/(γ*Z*SIN(RADI
ANS(β))*COS(RADIANS(β))) 
The formula was implemented in the model builder structure by entering the formula with the 
help of the Raster Calculator. This was the last component before the model could be run and 
resulting factor of safety (FS) derived data could be outputted. 
5.2. Model Execution 
After development, the model was run with different cell-size outputs of 10.5-22.0 in order to 
detect changes in the output resolution and match them with individual soil, plant, and slope data 
to ensure that there were no areas outside of known unstable regions. The model was executed 
using a 10.5 output cell size then converted back to a vector format, where the FS feature dataset 
was stored within the ISSM personal geodatabase. 
5.3. Model Derived Data 
Model derived data are datasets that have been created from processes run on the primary input 
data using the aforementioned toolsets within ArcGIS. The resulting data sets are then factored 
in additional processes within the model, until a final output is reached. 
5.3.1. Root Cohesion 
Root cohesion (Cr) is a value given to the ability of plants to support soil solidity and maintain 
soil cohesion when under stress. The root structures of different plants have different cohesion 
qualities when integrated within different soils. While the root cohesion plays a less important 
role than the actual soil property in the overall or “dimensionless” cohesion of a soil, it still has a 
great impact on areas that may differ greatly, such as in grassy areas and more heavily vegetated 
areas (Taylor, 1996). One important consideration regarding root cohesion is the delineation and 
categorization of local vegetative types that are present in the study area. Since there is no 
established cohesion index for all vegetation types, similar classifications were grouped as long 
as the established cohesion values were the same. Associated plant types were then assigned 
root-cohesion values based on an established index from the USDA. Raster-based classifications 
were then assigned cohesion values (see Table 6). The attribute values assigned were measured 
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in kN/m³, with value ranges from 0 to 50 kN/m³ based on the known types of vegetation and land 
cover in the Cedar Valley (Giraud, 2000). Root-cohesion values were shown to increase on the 
mid to upper slopes of the mountain ranges due to an increase of larger plant types with more 
cohesive root properties, such as Pinyon and Juniper plant types (see Plate 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6. Land Use Classifications and Associated Root Cohesion Values 
(USDA NRCS Classification Database, 2002) 
 
Code Land Use Classification Root Cohesion Value (kN/m²) 
1 Agriculture 26.0 
3 Aspen 37.5 
4 Aspen/Conifer Mix 39.5 
6 Blackbrush 28.0 
8 Desert Grassland 6.2 
9 Dry Meadow 5.0 
10 Grassland 6.0 
11 Greasewood 29.5 
12 Juniper 32.0 
15 Lowland Riparian 8.00 
17 Mountain Fir 35.0 
19 Mountain Mahogany 34.0 
21 Mountain Shrub 32.5 
22 Oak 38.5 
24 Pinyon Pine 34.0 
25 Pinyon/Juniper Mix 35.5 
28 Sagebrush 28.5 
29 Sagebrush/Perennial Grass Mix 29.0 
30 Salt Desert Scrub 27.0 
31 Spruce-Fir 35.0 
33 Urban Area 0.0 
35 Wetland 1.0 
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5.3.2. Soil Cohesion 
Needed properties values within the data were derived from the USGS soils survey manual and 
the NRCS soil data site classification database. Based on identified soil types, new fields within 
the soils’ datasets were added and populated with properties. These were widely associated with 
the identified soil types (see section 5.6). Additional fields and characteristics were added to the 
dataset in order to provide the needed values for inclusion in the model equations and formulas. 
Some soil types required additional research (as taxonomy may have changed or some common 
names may have been corrected over time). 
The cohesion of a soil (Cs) is dependent on numerous characteristics, such as particle size, 
texture, density, and plasticity. These characteristics are important in debris flow modeling 
because it is the initial failure of a soil’s cohesion that triggers the necessary circumstances that 
allow for debris flows to occur. Since the USDA taxonomy and classification is so extensive and 
complex, they do not have a set cohesion index for all identified soils. They, instead, give 
general value ranges and reveal how they are applied to soils with differing textures and traits. In 
this project, a cohesion field was added to the soils data in order to include values based on the 
USDA classification of soils. These cohesion properties were calculated as a result of previously 
discussed soils/geologic composition characteristics, including textural makeup, weight, and soil 
density. The unit for soil cohesion was kN/m³ and value ranges can be from 0 to 200 kN/m³. 
Values were assigned based on grouped soil classification types and were assigned the 
corresponding cohesion value based on characteristics provided by the Natural Resource 
Conservation Service (USDA). (see Plate 4.)  
5.3.3. Coverage 
The available soils data covered 98% of the defined study area. The additional areas that were 
absent from the data were then manually populated, based on hard copy USGS 1:50,000 
classifications. These areas represented a much more generalized and less accurate coverage of 
soil types since data was manually defined from sources with a much smaller scale. While this 
discrepancy limited the accuracy of data, it only had an effect on areas with much smaller 
topological impact and in areas that were less of a factor in hazard modeling. 
5.3.4. Dry Soil Weight 
The dry soil weight (γ) was based on the USGS soils classifications. Soil types were assigned a 
weight without water saturation based on composition characteristics. The unit measurement was 
kN/m³ and value ranges can be from 12 to 22 kN/m³. 
5.3.5. Wet Soil Weight 
The role of water is important and often critical in the behavior of slope stability. First, water 
increases the unit weight of the material, and second, it increases the resisting (normal) and 
driving (shear stress) forces of the material. The unit weight of water (γw) was characterized in 
the model by the amount of water present in the soil and the amount of weight that it added to the 
soil. The wet soil weight is the unit weight of a specific soil type and composition when it is 
saturated with water. A set value determined how much water a specific soil was able to hold and 
by how much its weight increased. The unit measurement is kN/m³ and the standard value is 9.8 
per unit weight of water. 
38 
 
5.3.6. Material Weight and Angle of Internal Friction 
The type of soil determines the material weight on a slope stability model. It is the slope or the 
angle of internal friction, however, that holds the greatest impact on the behavior of soils under 
certain conditions. As slope grades increase, the unit weight in pounds per cubic foot also 
increases (see Table 8). This variation in slope grade must be taken into consideration within the 
debris flow model in order to better model the variations in slope and material weight. 
 
Type of Soil Density or Consistency 
Angle of Internal Friction 
Unit Weight 
Phi, In Degrees (lb/ft³) 
Coarse Sand  Compact Loose 
40 140 
35 90 
Medium Sand Compact Loose 
40 130 
30 90 
Fine Silty Sand or 
Compact Loose 
30 130 
Sandy Silt 25 85 
Uniform Silt Compact Loose 
30 135 
25 85 
Clay-Silt Soft to Medium 20 90-120 
Silty Clay Soft to Medium 15 90-120 
Clay-Silt Soft to Medium Hard 0-10 90-120 
 
 
Table 7. Material Weight Comparisons.  National Soil Survey Handbook (USDA, 2005) 
 
5.3.7. Soil Depth 
Soil depth (Z) is the depth of the soil from the top strata (surface layer) down to the transition 
area of the slide plane, where the failure of the material occurs. Since only some soil depth and 
detailed core sample data was available in limited locations, general values were assigned to 
areas outside the surveyed areas. Depths were assigned in meters to be consistent with other 
variables in the model. Within the model, soil depth values were converted from vector polygon 
coverage to a raster format, where they could be integrated in the ISS equation.  
5.3.8. Soil Thickness 
Soil thickness or saturated thickness of the soil above the slide plane (Zw) represents the strata 
material that is present within both dry and water saturated portions of material, in addition to the 
depth or amount of material that is sitting upon the slide plane. This impacts the resistance of 
material that is sitting on the slide plane and influences the friction against the slide plane. Water 
table measurements were based on soil classifications and subsurface strata surveys taken in this 
area from the USGS. The depths were measured in meters to remain consistent with other model 
measurements. 
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5.3.9. Combined Cohesion 
Cohesion characteristics or the ability of a substance to maintain its composition and resist 
separation and instability can be broken into two categories: (a) soil cohesion (Cs) and (b) root 
cohesion (Cr) (or plant and vegetation properties). These characteristics, when joined together, 
form important relationships when included in debris/slide models. The combined or 
dimensionless cohesion quality (C) of both soil and root (vegetation) can be adapted by the user 
to include specific characteristics within a specific study area, which may not apply in other 
regions. The unit measurement used is kN/m³ and value ranges can be from 0 to 250 kN/m³. 
5.3.10. Dimensionless Cohesion Factor  
The dimensionless cohesion factor is the combination of the soil cohesion characteristics and the 
resisting soil weight, which occupies different soil types (USDA, 2005). This dimensionless 
combined cohesion gives a more accurate portrayal of the restoring force relative to the soil 
weight. This did not take into account other gravitational or friction factors (see Figure 11).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Dimensionless Combined Cohesion Index. 
                    
The dimensionless cohesion factor allowed for a more detailed set of inputs by allowing for a 
spatially correct set of parameters, based on the combination of the soils and vegetation 
characteristics. By incorporating this within the model, it allowed for a more accurate 
representation of the physical geography of the area and contributed to a more valid result. The 
combined cohesive properties (see Plate 5) were created with the ArcGIS 9 Spatial Analyst 
extension which was used to combine cohesion properties with weighted overlay functions that 
calculated and summed up soil and vegetation values specific to Eagle Mountain City and Cedar 
Valley Utah (Hylland, 1996). 
5.3.11. Slope 
Slope values needed for this assessment were created from the data acquired from the 10-meter 
USGS DEM data. The slope accuracies were dependent on the elevation accuracies and 
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tolerances within the DEM data. The slope measurement component within the project required 
that the slope determinations were made in degree measurements, which would be implemented 
into ISSM formulas. In addition to the slope of the ground surface, which was assumed to be 
parallel to the slope of the failure plane, the additional internal angle of friction was assumed to 
be the same as the plane of failure in order to maintain simplicity within the modeling process 
and to eliminate the possibility of an infinite number of variables, which occur in real life. 
Values were calculated in degrees and ranged from 1-90, with higher degree slopes being more 
vertical and lower degree slopes being flatter. 
5.3.12. Slope Classes 
Slope classes refer to the extremity of the percentage or degree of angle within the slope. This 
can range from flat or nearly level ground to very steep or a near vertical cliff (see Table 8). As 
the gradient percentages of different slope classes increase and become more extreme, the 
influence of materials on the event becomes less prominent. This leads to the gradient playing a 
vial role in slope stability (Dietrich, Wilson, & Reneau, 1986). While the slope classes are 
expressed as general classifications, the accuracy and delineation of slopes are limited by the 
existing elevation datasets, where slopes become dependent on their resolution and accuracy. 
The derived slope percentages are only as accurate as the provided datasets. These slopes were 
taken from the differences between each elevation value and are dependent on the resolution of 
those values.  
 
Classes (Simple Slope) Complex Slopes 
Slope Gradient Limits 
Lower Percent Upper Percent 
Nearly Level Nearly Level 0 3 
Gently Sloping Undulating 1 8 
Strongly Sloping Rolling 4 16 
Moderately Steep Hilly 10 30 
Steep Steep 20 60 
Very Steep Very Steep >45   
 
Table 8. Slope Gradient Classifications. Abbreviated from stability and performance of slope and 
embankments (American Society of Civil Engineers, 1966). 
 
Further limitations of slopes within slide models were from terracing or stepping, which occurred 
within the elevation data when determining slope angles. The slope types within the study area 
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vary from complex linear and nearly level slopes to very complex hyperbolic concave steep 
slopes. These were within the upper reaches of both the Lake and Tintic Mountain ranges. The 
assigned slope angles were generalized based on processing from ESRI Spatial Analyst and 
represents a linear slope type. The associated digital elevation model (DEM) dataset provided 
slope data in degrees (see Plate 2). These were derived from Spatial Analyst tools, which 
determined differences in contour values and applied a linear slope type to the classification.  
5.4. Factor of Safety Output Data 
The main focus of this project was to use spatial data within a specified model in order to locate 
and delineate areas that may be susceptible to debris flow events. The resulting areas were 
classified according to (FS) or the likelihood of an event being triggered in relation to the 
surrounding area. This data was derived from running the ISSM in a GIS framework. Results 
were classified into five categories and assigned ratio values ranging from -18.5 to 170.8.  
Graduated colors were applied in the cartographic output so that higher values (low FS) were 
shown as red and low score values (high FS) were symbolized as green, with mid-ranged values 
as a gradient between the two. This symbolization/classification within the maps allowed for a 
delineation of risk areas, which should be addressed further in the ground investigation to verify 
composition, soil characteristics, and subsurface traits (see Plate 6 Debris Flow Factor of Safety). 
The results revealed that there are significant areas within the annexed boundaries of Eagle 
Mountain City on the east side near the Lake Mountain benches that fall within the low factor of 
safety areas. These areas may consist of the greatest potential for further residential growth and 
development since past development patterns in the county have shown that growth has 
increased heavily on the mountain benches and will be examined more closely in the next 
chapter. Further examination reveals that there are various areas within the lower west slopes of 
the Lake Mountains and within numerous canyon slopes of the Oquirrh Mountains that show a 
low FS ranking and define areas that may be susceptible to potential debris flow occurrence. 
While established residential development in the lower valley and outer developments with the 
annexed city limits, such as “the ranches,” are situated in low risk areas, some attention should 
be given to areas outside of the city boundaries in the remainder of the Cedar Valley since the 
paths of flows can extend significant distances from source areas. 
Additional results from the Infinite Slope Stability Model within the study area and the Cedar 
Valley confirmed that significant areas of high debris flow probability or a low factor of safety 
(FS) may be present along the eastern slopes of the Oquirrh Range but that flow extent would 
only extend within specified canyons and washes, and no significant flow would be likely to 
extend into the lower valley floor. Results revealed an area within the central part of the valley, 
south of the sinks, which was classified with a low factor of safety. This area is an anomaly 
within the data because it does not fall on a slope of significant steepness. The area may have 
been due to very low cohesion values and a lack of soil stability within the area or even in the 
absence of a slope that would facilitate a debris flow slide. 
By delineating these areas, providing a spatial reference, and attributing information for these 
areas, it would allow for further strategies to be introduced in order to reduce the possible losses 
caused by debris flows and slide events. Some of these strategies were outlined in the National 
Hazards Mitigation Strategy and include the following: (a) restrict development in landslide-
prone areas, (b) standardize codes for excavation, construction, and grading, (c) protect existing 
development, (d) utilize monitoring and warning systems, and (e) provide landslide insurance 
and compensation for losses (as cited in Spiker & Gori, 2003).  The application of this model 
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allowed for these strategies to be easily implemented and enforced using created standards and 
determined which areas would be suitable for development.
43 
 
 
6. Debris Flow Hazard Assessment Summary 
The processing of the geospatial assessment of debris flow hazards for Cedar Valley, Utah 
included several steps before final determinations could be made. Associated data was run 
through numerous tools and extension programs in order to extract needed information. This data 
was then examined in digital and tabular format to verify spatial and physical values assigned to 
the data. The data was then introduced and processed within the created model. The resulting 
data was subsequently mapped and printed with visual determinations assessing which areas 
should be more closely examined. 
6.1. Limitations 
The developed model has various restrictions and limitations, which can decrease the ability to 
accurately determine low FS areas. First, the model does not take into account physical 
anomalies, such as changes in soil composition, human disturbance, intrusions by subsurface 
geology, and disturbed plant coverage, which are too small to be included in the source data. 
Because debris flow events gain force and volume as they move down slope, these small areas 
could still play a factor within the source area, by triggering a flow. Other factors that were not 
considered were the possibility of post-burn landscapes. In past studies, these areas have been 
determined to decrease the cohesive abilities of both root and soil cohesion by changing soils to 
hydrophobic types (Wadge, 1988). In addition to physical characteristics, other limitations within 
the model, such as the lack of accuracy and resolution of the datasets, were involved. These 
limitations may exclude important features and characteristics that may be present but have been 
too generalized by surrounding areas within the data to be factored. 
6.2. Areas of Interest Potential High-Risk Areas  
High-risk debris flow source locations are areas where the probabilities of debris flow events are 
greatest in relation to the surrounding area. These areas define the trigger area where a slide may 
occur. Possible high-risk source locations were defined through a spatial analysis process, which 
used the upper 80
th
 percentile of the ISSM FS results. FS values of 120.0 or greater, which 
represent the highest risk areas, were extracted from the initial raster output using ESRI Spatial 
Analyst and were exported into a separate feature class. This data was then overlaid with Utah 
County and Eagle Mountain City, Utah parcel data of current and potential residential zoned 
parcels. These areas were then assigned a radial buffer of 100 yards to insure that all possible 
development and zoned areas were taken into account. The overlapping results of high-risk areas 
and residential parcel buffers show significant areas within the Cedar Valley and inside the 
eastern portion of Eagle Mountain City (see Plate 7), which could be possibly unstable for 
further development. These areas should be closely examined through fieldwork and on-site 
geologic measurement and testing to assure the viability of the data and to better determine 
possible hazards in the area. 
Model results delineated areas, which in the future, may be subject to further development and 
land form changes. The three main areas of concern fall within the municipal boundaries of 
Eagle Mountain City as well as in the western valley (see Plate 8). The increasing residential 
development on mountain benches in the region, notably on the western slope of the Lake 
Mountains (see Plate 8 Map A, Map B), flags this area as a region where debris flows may have 
a higher probability of impact on continued development and expansion. The numerous stream 
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channels along the western slopes also provide possible directed paths into the bench areas and 
the valley floor below. A more detailed study of subsurface geology and soil composition should 
be undertaken to ensure slope stability and safety. Other areas that should be addressed more 
closely are the areas of Cedar Fort in the western part of the valley (see Plate 8, Map C).  The 
high elevations of the Tintic Mountains hold high snow packs in the winter and have a high 
probability of rapid snow melt events in the spring. 
 
6.3. Conclusion 
One of the benefits of applying debris flow models within a GIS framework was the ability to 
easily change values of the input parameters depending on the geographical region and the 
physical characteristics of differing local areas being addressed. Since different soil types and 
vegetation cover change with different locations, the likelihood of slide classifications and 
patterns will change as well. Another consideration that needed to be addressed when examining 
FS results was the possibility of human slope disturbances, such as excavation or grading, which 
could increase the likelihood of slide events occurring. These human inputs were not factored 
into the model inputs, but in many cases, they may be present in “real-life” situations. A debris 
flow model within a GIS framework left open the possibility of adding additional components, 
which would make the modeling results more accurate and realistic. 
While the results of this model provided detailed spatial data for inclusion in planning and 
general civil decisions on which areas may be susceptible, they, in no way, are a replacement for 
further detailed engineering work by qualified individuals. Development and planning decisions 
should further study the possible debris flow and slide hazard potential. The creation of the ISSM 
within ArcGIS and the incorporation of both raster and vector based data sets within the GIS has 
shown the benefit of including spatial data and Geographic Information Systems within city and 
county planning decisions when dealing with natural hazard events. Natural hazard GIS 
modeling allows for numerous inputs to be included and spatial determinations to be made, 
which may save money in determining areas of hazard prior to more detailed examinations 
taking place. These, in turn, may reduce costly damages to persons and property.   
Natural hazard events are difficult to predict and the components involved with each type of 
hazard can be complex. The results of this study have shown that some of this complexity can be 
simplified. This results in beneficial information and data that can now be managed with relative 
ease within a GIS and included in government planning processes. This will now allow for a 
simplification of hazard analysis, and play a beneficial role in future decisions.
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7. Future Considerations 
There are many topics that can be addressed when looking at natural hazards in developing 
communities, and in areas of high growth. Some of these issues involve a more detailed 
examination of different components addressed in this project. Some of the areas that could be 
examined further are flash-flood factors based on different amounts of rainfall intensity. This 
could help to better determine how differing topologies react to intense precipitation and what 
impact soil and vegetation may have on drainage paths. DEMs and drainage networks, along 
with soil and land use data, could be used to better situate roads and structures. An examination 
of subsurface geologic characteristics, as they relate to the instability and liquidity of soils could 
be applied within a GIS model to better delineate problem areas. Additional examinations of soil 
instability could address the subsurface structure of an entire area in order to understand how the 
landscape would react to seismic disturbances and other events.  
7.1. Run out topography 
One issue that was not addressed in this study was the run-out distance down slope of debris 
flows and other slide events. Future study areas, which would complement the results of the 
ISSM and the FS results, could include the examination of what topological, spatial, and physical 
characteristics affect the distance a triggered debris flow or slide event travels, and what path it 
takes. This could be integrated into a spatial model, so once those areas with low FSs and high 
probability source points are identified and delineated, the model could be run within a GIS in 
order to reveal possible areas and extents. As we have seen in Figure 3, debris flows often have 
the same triggering points but can often take different paths. One area of further investigation 
would be determining and modeling why different flow paths occur as well as why the same 
triggering points could have different severities and extents of flow. This area would also be very 
beneficial to planners and officials because they would be able to initiate a restricted buffer area 
around possible hazard areas.    
7.2. Source and Run out Areas 
Since debris flows are characterized by movement over large distances and are often over 
inconsistent and uneven topography, there are many limitations placed on the model, regarding 
run-out areas of the flows if they are, in fact, triggered (Pudasaini, 2005). Very limited research 
has been completed on what effects topology has on debris flow run-out and what hinders or 
enhances the terminal fan extent. In order to determine run-out areas and flow characteristics of 
debris flows, a much more detailed examination of topography, hydraulic modeling, and 
obstructive objects, needs to be in place. In addition to those factors, there also needs to be a 
more in-depth examination of material properties. Because of these restrictions, the extent of this 
model is only examined for the source area and not for the run-out area. 
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9. Terms and Concepts 
ArcGIS - An Environmental Systems Research Institute (ESRI) Geographic Information System 
(GIS) program that allows for the spatial analysis of data. 
Arc Hydro - An ESRI GIS extension for ArcGIS, in which hydrologic features are delineated, 
modeled, and analyzed based on digital elevation data. 
Block slide - A translational landslide, in which the moving mass consists of a single unit or a 
few closely related units that move down slope as a relatively coherent mass. 
Debris flow - An event, in which soils become saturated with water and lose stability and 
cohesion properties, flowing down adequately steep slope gradients. 
DEM - Digital Elevation Model is a raster-based elevation dataset, in which each pixel 
represents an elevation value. 
ESRI - Environmental Systems Research Institute in Redlands, CA that produces the popular 
ArcGIS software and processing extensions. 
Factor of safety index (FS) - Index assigned to an area, which has been calculated for hazards.  
Falls - Abrupt movements of masses of geologic material, such as rocks and boulders, which 
becomes detached from steep slopes or cliffs. 
GIS - Geographic Information System, a computer driven system, in which spatial data is 
managed and analyzed.  
Hazard - The probability of an occurrence within a specified period of time and within a given 
area for a potentially damaging event. 
IR imagery - Aerial and satellite imagery, in which the imagery spectrum includes wavelengths 
longer than visible light. 
Infinite Slope Stability Model (ISSM) - A multi-input model, in which probability of debris 
flow events are determined by the introduction of spatially based data. 
Liquification - A phenomenon, in which the strength and stiffness of a soil is reduced by 
earthquake shaking or other rapid loading. 
Model Builder - An ArcGIS tool, which allows the user to combine and build spatial processes 
into one executable and editable model.  
Mr SID - A raster-based image format from Lizard Tech Inc. that compresses imagery for 
quicker display and better resolutions. 
NRCS  - National Resources Conservation Service (Department of the USDA). 
Raster data – Dataset, in which datasets are represented in cells, which are assigned a specific 
value based on the assigned characteristic. 
Rotational slide - A landslide, in which the surface of rupture is curved concavely upward and 
the slide movement is roughly rotational about an axis that is parallel to the ground surface and 
transverse across the slide. 
Spatial analyst - An ESRI GIS extension for ArcGIS, which allows for analysis and calculation 
of raster-based datasets. 
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Topples - Forward rotation of a unit(s) of geologic material about some pivotal point, below or 
low in the unit, under the actions of gravity. 
Translational slide - A landslide, in which the landslide mass moves along a roughly planar 
surface, with little rotation or backwards tilting. 
UGS - Utah Geological Survey. 
USDA - United States Department of Agriculture. 
USGS - United States Geological Survey. 
Vector data - Dataset, in which data is represented by a network of points and arcs (lines). 
53 
 
Appendix A 
 
 
 
Utah Geological Classification, Map 1. 
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Appendix B 
 
 
Central Utah County, Utah Geological Classification, Map 2. 
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Appendix C 
USCS Soil Type Classifications 
 
Stable Rock: natural solid mineral matter that can be excavated with vertical sides and remain 
intact while exposed. 
 
Type A: cohesive soil with an unconfined compressive strength of 1.5 tons per square foot 
(tsf)—in SI units, 144 kPa (1 Pa = 1N/m2) or greater.  
Examples: clay, silty clay, sandy clay, clay loam, hardpan, cemented soils. No soil will be 
considered Type A if the soil: is fissured, subjected to vibration, was previously disturbed, is part 
of a sloped layered system sloping into the trench, or is seeping water. 
 
Type B: cohesive soil with an unconfined compressive strength greater than 0.5 tsf (48 kPa) but 
less than 1.5 tsf (144 kPa).  
Examples: angular gravel (similar to crushed rock), silt, silt loam, previously disturbed soils, 
unless otherwise classified as C, dry unstable rock, some sloped layered systems. 
 
Type C:  cohesive soil with an unconfined compressive strength of 0.5 tsf (48 kPa) or less.  
Examples: granular soils, including gravel, sand, and loamy sand; any submerged soil or soil 
with freely seeping water; and any soil not otherwise classified. 
Where soils are configured in layers, for example, they have different geological structures; the 
soil must be classified on the basis of the soil classification of the weakest soil layer. Each layer 
may be classified individually if a more stable layer lies below a less stable layer. 
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Appendix D 
 
 
              National Agricultural Imaging Program (NAIP) 1 Meter Color Imagery Coverage (2004). 
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Appendix E 
National Cooperative Soil Survey Standards 
The purpose of this is to standardize the names, definitions, ranges of values, and other 
characteristics of the soil survey map attribute data developed by the NCSS. The NCSS is the 
body composed of the various federal, state, and local units of government that work 
cooperatively to develop the soil survey of all lands in the United States. 
The soil attribute data associated with soil maps include the physical and chemical properties of 
the various soils being described, interpretative information, the arrangement of these soils into 
the soil map units identified on the soil maps, and information about the soil map units 
themselves. The attribute data have no spatial relationship until they are linked to the maps via 
the map unit symbol and other unique identifiers. However, there is information included linking 
the soil data to geographical areas, such as counties, states, major land resource areas, and soil 
survey areas. 
The USDA-Natural Resources Conservation Service (former Soil Conservation Service) has 
been identified by the Federal Geographic Data Committee to coordinate the development of 
standards for the transfer of soil data.  A representative of this agency serves as chairman of the 
FGDC Soil Data Subcommittee.  
When adopted, this standard should facilitate the transfer and use of soil data. This will allow 
users of such data to receive information in a common format, no matter who the developer of 
the data is. This will allow much more data to be available to a more diverse group of users. 
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Appendix F 
Map Plate Details 
* These map plates were created in ArcMap 9.0 in a constant scale factor of 1:142,000. Maps 
were exported in Adobe .pdf format in 600 dpi resolution on tabloid-sized sheets (11”x17”) for 
printing on a Xerox color laser printer. Plate numbers, titles, and reference information are 
included within the report document. Maps and associated graphics are created and copyrighted 
by Rick Harris and should not be reproduced. 
